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Virginia Tech, Blacksburg, VirginiaABSTRACT It has been shown that cellular migration, persistence, and associated cytoskeletal arrangement are highly depen-
dent on substrate stiffness (modulus: N/m2 and independent of geometry), but little is known on how cells respond to subtle
changes in local geometry and structural stiffness (N/m). Here, using fibers of varying diameter (400, 700, and 1200 nm) and
length (1 and 2 mm) deposited over hollow substrates, we demonstrate that single mouse C2C12 cells attached to single sus-
pended fibers form spindle morphologies that are sensitive to fiber mechanical properties. Over a wide range of increasing struc-
tural stiffness (2 to 100þmN/m), cells exhibited decreases in migration speed and average nucleus shape index of ~57% (from
58 to 25 mm/h) and ~26% (from 0.78 to 0.58), respectively, whereas the average paxillin focal-adhesion-cluster (FAC, formed
at poles) length increased by ~38% (from 8 to 11 mm). Furthermore, the increase in structural stiffness directly correlates with
cellular persistence, with 60% of cells moving in the direction of increasing structural stiffness. At similar average structural stiff-
ness (255 5 mN/m), cells put out longer FAC lengths on smaller diameters, suggesting a conservation of FAC area, and also
exhibited higher nucleus shape index and migration speeds on larger-diameter fibers. Interestingly, cells were observed to
deform fibers locally or globally through forces applied through the FAC sites and cells undergoing mitosis were found to be
attached to the FAC sites by single filamentous tethers. These varied reactions have implications in developmental and disease
biology models as they describe a strong dependence of cellular behavior on the cell’s immediate mechanistic environment
arising from alignment and geometry of fibers.INTRODUCTIONCellular migration is an important aspect of many biological
processes, including development biology, wound healing,
and cancer cell metastasis (1,2). On classical two-dimen-
sional substrates, single cells attach and migrate by arranging
their cytoskeletal components throughout a progressive cycle
of attachment, protrusion, and disruption to coordinate forces
at their leading and trailing edges to achieve cellular move-
ment. This process is highly sensitive to the cell’s immediate
external environment comprised of physical cues that pro-
duce variations in migration, division, differentiation, and
apoptosis (3–15). Awide variety of reductionist in vitro sys-
tems, including culture systems of flat wells coated with
adhesion proteins, two- (2D) and three-dimensional (3D)
gels, and fiber networks of different diameters, have been
developed in an attempt to capture the in vivo physiologi-
cal state (10,11,16–19). From the mechanistic viewpoint,
these culture systems capture the native stiffness (ability to
resist deformation) of the tissue-cell model commonly
known as Young’s modulus (N/m2), which is geometry-inde-
pendent. Geometry is embedded in structural stiffness, which
relates the size, organization, and shape of a material to its
ability to resist deformation and is represented in units ofSubmitted June 27, 2014, and accepted for publication September 25, 2014.
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0006-3495/14/12/2604/8 $2.00N/m. Suspended fiber networks cause cells to react to
surface curvature and dimensionality, which flat substrates
inherently mask. Cells on suspended fibers sense and
respond to changes in curvature (diameter), form spindle or
parallel shapes due to differences in fiber spacing; and finally
form kite-like polygonal shapes on hierarchical assemblies
(20). These suspended parallel and hierarchical fibers
allow for a mechanistic environment that shares similarities
with 1D, 2D, and 3D environments as they simultaneously
provide alignment (1D), ability to stretch between fibers
(2D), and ability to sense curvature by wrapping around a
fiber (3D).
The link between substrate stiffness and cellular behavior
has been studied extensively, and it has been shown
that cells have a tendency both to migrate faster on softer
substrates and to migrate toward areas of higher stiffness
(21–24). Arguably the most popular method of performing
studies of this type involves culturing cells on polymer
gels of varying stiffness; where the rate of cellular migration
has been observed to range from 25 to 60 mm/h on soft sub-
strates and from 15 to 30 mm/h on stiff substrates (for
MC3T3-E1 and NIH3T3 cells, respectively) (8,25). In a
similar way, it has been shown that focal adhesion area tends
to increase from 1.5 mm2 for cells on a soft gel to 3 mm2 for
those on glass, which correlates with the changes observed
in migration speed (3). However, the extracellular matrixhttp://dx.doi.org/10.1016/j.bpj.2014.09.045
Role of Suspended Fiber Geometry on Cell Behavior 2605(ECM) is an interwoven fibrous mesh and a cell’s interaction
with it can be categorized in two ways, interaction charac-
terized by stretching over and making contact with the
whole mesh, representative of bulk behavior, or interaction
with the fibrils or bundles of fibers that make up the bulk
structure. The ECM network consists of individual fibrils
(30–70 nm in diameter) that can bundle into fibers 200 nm
to 1 mm in diameter (26–28). The ECM facilitates cell
attachment, and cell-cell contact, provides soluble growth
factors and presents gradients (mechanical and chemical)
to cells that directly control cell fate, including migration.
Cell migration through the 3D matrix involves interactions
and remodeling of native fibrils (29–35). Therefore, under-
standing the mechanosensing ability of cells moving
through the ECM needs to account for both the elastic
modulus of the whole mesh and the bending stiffness of in-
dividual ECM fibrils of varying diameter (36,37). Recent
studies on pore density and fibril modulus of ECM micro-
architecture have shown that cells respond to these parame-
ters by changing their motility and invasive phenotype when
presented with gels that have similar bulk properties but
different microarchitectural characteristics (37,38). It was
recently demonstrated using the 1D micropatterning tech-
nique (mPP) that similarities exist between 1D and 3D
migration on lines of increasing width (1–40mm) (18). In
contrast to all these methods, much less is known about
cellular response to ECM micro/nanofiber dimensions.
Therefore, using the previously described nonelectro-
spinning Spinneret-based Tunable Engineered Parameters
(STEP) technique (40,41), we highlight the role of fiber
structural stiffness and curvature on cells attached to single
fibers 400, 700, and 1200 nm in diameter (the approximate
lower limit of micropatterned lines (mPP)) suspended be-
tween two polydimethysiloxane (PDMS) blocks (Fig. 1
A, i)). Cells attached to suspended fibers form spindles
and migrate along the fiber axis while continuously probing
their immediate environment (Fig. 1 A, ii, and Movie S1 in
the Supporting Material). Our results on cell behavior char-
acterized along the length of the suspended fiber indicate an
increase in cell focal-adhesion-cluster (FAC) length and a
decrease in nuclear shape index (NSI) and migration speed
with increased structural stiffness. Furthermore, at the sameaverage structural stiffness, cells are observed to form
longer FAC lengths on smaller-diameter fibers, thereby sug-
gesting a conservation of FAC area on suspended fibers.
Interestingly, cells undergoing mitosis were found to be
attached to the suspended fibers through filamentous tethers
originating from the FAC pole sites. Furthermore, cells were
also observed to exert forces from the pole FAC sites, result-
ing in local deformation (S curve) and global deformation of
fibers. These findings suggest to our knowledge a new char-
acterization of cell sensing that takes into account both the
curvature and structural stiffness of suspended fibrils and
how they contribute both individually and in combination
to cell behavior.MATERIALS AND METHODS
Substrate manufacturing
Substrates were made by affixing two identical PDMS blocks (1 mm in
height at two separation distances, 1 and 2 mm) to a glass coverslip using
uncured PDMS as an adhesive. Substrates were then cured at 60C for at
least 1 h to ensure permanent adhesion between glass and PDMS blocks.
Nanofibers were then deposited on top of blocks in such a way as to span
the separation distance between the blocks. Uncured PDMS was used as
an adhesive to provide fixed fiber ends, ensuring a repeatable stiffness
gradient.STEP fiber deposition and structural stiffness
characterization
Suspended polymer fibers were deposited on PDMS using the previously
reviewed STEP technique (40,42). Solutions of 4%, 7%, and 13% polysty-
rene dissolved in xylene by weight were used to deposit fibers of 400-, 700-,
and 1200-nm-diameter, respectively (42). Fibers were spun at room temper-
ature and relative humidity of 15%. After fiber deposition, samples were
cured at 40C for 1 h. Structural stiffness (N/m) of individual polystyrene
fibers was determined using a Bioscope II atomic force microscope (Veeco,
Plainview, NY) in contact mode at several points along the length of the
fiber (43,44). We used tipless cantilevers (AppNano, Mountain View,
CA) with stiffness values ranging from 0.02 to 0.57 N/m calibrated using
thermal tuning before measurements. Cantilevers were brought into contact
with single fibers, after which a single ramp motion was applied to the fiber
at several points along the length. The atomic force microscope returns
values of the cantilever base ramp movement and cantilever deflection.
Using these values and the known cantilever stiffness, the force applied
to the fiber can be found using the equationFIGURE 1 (A) Schematic of cells attached to
suspended fibers deposited on PDMS blocks (i),
optical image of a cell wrapping around a fiber
(ii; scale bar, 20 mm) (Movie S1 in the Supporting
Material), and immunofluorescence image of a
spindle cell (green, paxillin; blue, nucleus; and
orange-red, f-actin stress fibers) (iii; scale bar,
20 mm). (B) Representative atomic force micro-
scope map of structural stiffness (N/m) for three
different diameters for 2 mm fiber length, with re-
gions of investigation highlighted. Each data point
in the curve is obtained from three force-deflection
contact mode curves. To see this figure in color, go
online.
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where the deflection of the fiber at each point is found using
DeflectionFiber ¼ AFM Base travel  deflectioncantilever:
Cellular behavior was characterized for three structural stiffness regions
along the length of the fiber, with each region signifying equivalent struc-tural stiffness values individually (Fig. 1 B) (45).Cell culture
Fibers were functionalized overnight in a 2 mg/mL solution of fibronectin to
promote cell adhesion and sterilized under ultraviolet light for 8 h (20).
C2C12mousemyoblasts (ATCC,Manassas, VA)were cultured inDulbecco’s
modified Eagle’s medium cell culture supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin (HyClone Laboratories, Logan, UT).
C2C12 cells were then seeded onto the substrates at a concentration of
200,000 cells/mL. High seeding concentration was necessary, because seed-
ing efficiency was low, as most cells fell past single fibers and attached to
the underlying glass substrate. Cells were allowed to attach for at least 2 h,
and samples thenwereplaced in anAxioObservermicroscopewith incubation
capabilities (37C and 5% CO2; Zeiss, Oberkochen, Germany).Migration characterization
Time-lapse videos were taken at 20 magnification. Cell images were
taken at 5-min intervals for at least 8 h. Using Axiovision software (Zeiss),
cellular migration was calculated by recording the location of the nucleus of
the cell. After each full hour, the displacement of the nucleus was recorded
again, thus providing migration speed (mm/h). Persistence, or the direction
of migration, was calculated as cell motion away from the middle of the fi-
ber span length. Cells that were observed to be undergoing mitosis or con-
tacting other cells were discarded from analysis.Immunofluorescence staining
Cells were fixed in 4% paraformaldehyde for 15 min and then permeabi-
lized in a solution of bovine serum albumin and Triton X-100 for 15 min.
Before adding antibodies, cells were blocked in 10% goat serum blocking
buffer (Invitrogen, Carlsbad, CA) for 30 min. Rabbit anti-paxillin primary
antibodies (Invitrogen) were used at a 1:250 dilution ratio along with goat
anti-rabbit green fluorescent protein secondary antibodies (Invitrogen) to
image FAC length. F-actin stress fibers were stained with rhodamine-con-
jugated phalloidin (Santa Cruz Biotechnology, Santa Cruz, CA) diluted at
1:100. Nuclei were counterstained with DAPI (Invitrogen) for 5 min.NSI calculation
Optically measured nucleus shape and length were used in calculating
the NSI:
NSI ¼ 4pArea
Perimeter2
¼ 2LW
L2 þW2; (1)
where L and W are half the measured nucleus length and width, respec-
tively (3).FIGURE 2 Single-cell migration data for three different diameters and
combined diameters demonstrating a decrease in migration with increasing
structural stiffness. Numbers in parentheses indicate the sample size, and
data are represented with standard errors.Statistical methods
Statistical analysis and graphing were performed using GraphPad software.
One-way ANOVA testing with Tukey posttesting was performed to
compare all pairs of data sets. Column graphs are presented with standardBiophysical Journal 107(11) 2604–2611error bars. Standard presentation of statistical significance is used, with the
asterisk indicating p% 0.05.RESULTS
Migration speed changes in response to
structural stiffness
Migration speed of cells attached to suspended fibers was
inversely correlated with structural stiffness (Fig. 2). This
trend was observed for all tested fiber diameters, and was
most pronounced on smaller-diameter fibers (400 nm). Cells
showed the highest speed (67 mm/h) at the lowest structural
stiffness (1.3 mN/m on 400-nm diameter fibers) and the
speed dropped to 22 mm/h when structural stiffness
increased to 130 mN/m (1200-nm-diameter fibers). On
average, the overall migration was found to decrease from
58 to 25 mm/h over a wide range of structural stiffnesses
(2.5–100þ mN/m). With increase in fiber diameter at the
same length, the structural stiffness increased, resulting in
decrease of migration speed.Cellular directionality
Cells attached to single suspended fibers of tunable struc-
tural stiffness and diameter align themselves and migrate
along the axis of the fiber. In comparison, it is well known
that cells on flat substrates have a tendency to durotacti-
cally migrate toward areas of higher substrate modulus
(2,25,46,47). In a similar way, on single suspended
FIGURE 3 Persistence of a single cell, showing
the percentage of cells moving toward higher
structural stiffness (A) and the average persistence
at different structural stiffness values (B). Numbers
in parentheses indicate sample size, and data are
represented with standard errors.
Role of Suspended Fiber Geometry on Cell Behavior 2607nanofibers, cells exhibit a tendency to migrate along the
fiber in the direction of higher fiber structural stiffness
with increasing persistence (ratio of the total distance trav-
eled by the cell in any direction to the distance between the
start and end points of migration). Thus, a persistence of 1
denotes a cell traveling from start to end points without
reversing direction. Using this modified definition of
persistence for cells on suspended fibers, a persistence
value of >0.6 is found for all cases (Fig. 3). In addition,
60% of cellular migration is found to be directed from
the middle of the fiber span length toward the fixed ends.
This indicates that cells on suspended fibers have higher
persistence than those on a flat substrate and that they
are preferentially traveling in the direction of high struc-
tural stiffness and doing so in an increasingly persistent
manner.FIGURE 4 Single-cell FAC length, demonstrating an increase in FAC
length with increasing structural stiffness. Numbers in parentheses indicate
the sample size, and data are represented with standard errors.Cytoskeletal response to fiber orientation
On flat substrates, cellular migration is accomplished by a
constant rearrangement of the cytoskeleton components:
focal adhesions form at the leading edge of the cell, mature,
and then disperse at the trailing edge, and actin filaments
form and travel from the leading to the trailing edge of
the cell. The formation and reorganization of these compo-
nents allows for translocation of the nucleus and cell body
for a net change in cellular position (1,12,48–53). Cell
migration on single nanofibers is accomplished by establish-
ing most of the focal adhesions on both poles of the cell
(20,54). Focal adhesions are the main interface structures
between a cell and its substrate, allowing for the transmittal
of mechanical and chemical signaling that guides cellular
behavior (55). Focal adhesion length and maturation are
strongly tied to cellular migration, where an imbalance of
focal adhesions and myosin II contractility provides direc-
tionality and the traction force necessary for successful
migration (3,12). It has also been shown previously that
focal adhesion size and arrangement are responsive to
changes in elastic modulus of the substrate, with larger
and mature focal adhesions forming on substrates with
increasing elastic moduli (3,53,56,57). In contrast, cells
attached to single suspended nanofibers form concentrated
focal adhesion paxillin clusters at the poles that are depen-dent upon both the structural stiffness and fiber curvature.
As shown in Fig. 4, FACs are considerably longer on
small-diameter fibers at similar structural stiffness. Further-
more, at constant fiber diameter, FAC lengths are observed
to increase with structural stiffness. This suggests that the
cluster length may be indicative of a conserved FAC area
that is dependent on stiffness, which has also been suggested
in previous studies on flat substrates (3).NSI
Cells attached to suspended fibers have their nuclei aligned
along the fiber axis, with structural stiffness and fiber curva-
ture directly influencing NSI. With increasing structural
stiffness, nucleus length is observed to increase and nucleus
width to decrease, leading to an overall decrease in NSI,
signifying highly elongated nuclei (Fig. 5). In previous
studies on flat substrates, a similar trend is observed, where
the nucleus height and shape index both change with
increasing substrate elasticity, leading to a shorter nucleus
with a rounder footprint (15,58).Biophysical Journal 107(11) 2604–2611
FIGURE 5 Single-cell NSI, demonstrating a decrease in NSI with
increasing structural stiffness. Numbers in parentheses indicate the sample
size, and data are represented with standard errors.
2608 Meehan and NainThe NSI (Eq. 1) is dependent on the width and length of
the nucleus. The length increases from 11 mm to 29 mm (a
62% increase), whereas the width decreases from 24 mm
to 4 mm (an 83% reduction), both over a change in structural
stiffness from 4 to 50 mN/m (a 95% increase) (Fig. 6). In
comparison, studies on flat substrates have demonstrated
that a reduction of up to 3 mm in nucleus height can be
effected by increasing the substrate modulus from 0.4 to
308 kPa stiffness (58).Effects of fiber curvature
Recent studies have explored the role of curvature in cellular
mechanotransduction using grooved, microprinted, or is-
land-on-flat geometries, with implications that contractile
force machinery becomes inhibited with increased curvature
(14,59–65). In the system presented here, the effects of sub-
strate curvature are studied by changing the diameter of theFIGURE 6 NSI width and length responses to changes in structural stiff-
ness. To see this figure in color, go online.
Biophysical Journal 107(11) 2604–2611suspended nanofibers while keeping the average structural
stiffness constant at 25 5 5 mN/m (Fig. 7). FAC length
was observed to be most responsive to changes in fiber
diameter, with cells on 400-nm-diameter fibers putting out
longer lengths compared to 700- and 1200-nm-diameter fi-
bers. We also observed fibers of smaller diameter to have
reduced migration compared to those of higher diameter.DISCUSSION
The unique abilities of the STEP technique have allowed
development of a controlled biological assay for investi-
gation of the role of single-fiber mechanical properties on
single-cell behavior. Although the dependence of cellular
migration speed and persistence on the external environ-
ment has been well characterized for many different set-
tings, the results presented here show this relationship in a
system that takes into account the structural stiffness,
geometry, and material stiffness of the fiber. The character-
ization of cellular reactions to N/m stiffness gradient and
curvature provides to our knowledge new insights into the
possible role of ECM stiffness in cellular migration and
cytoskeletal arrangement. Cellular migration speed, focal
adhesion length, and NSI are found to respond to changes
in structural stiffness gradient, whereas cell length was
found to be similar in all tested categories. Cellular migra-
tion speed showed a strong dependence, with single cellsFIGURE 7 Effect of fiber diameter (at average structural stiffness 255
5 mN/m) on cell-migration FAC length, NSI, and cell length. Numbers in
parentheses indicate the sample size, and data are represented with standard
errors.
FIGURE 8 Optical images of a single cell
dividing on a suspended fiber, demonstrating cell
attachment at poles, prophase-anaphase (A and
B), telophase (C), and cytokinesis (D). Scale bar,
20 mm. White arrows in B and C denote filamen-
tous structures by which the cell is attached at
the poles, and the dotted oval in D shows the active
filopodia resembling structures that wrap around
the fiber (see Movie S2).
Role of Suspended Fiber Geometry on Cell Behavior 2609exhibiting higher migration speed at areas of lower struc-
tural stiffness and vice versa. FACs showed increased length
on areas of higher stiffness, and cells exhibited a lower NSI
on the same areas, indicating a stretched, elongated nucleus.
FAC lengths were found to be the most sensitive, as for each
diameter, we observed that FAC length scaled with struc-
tural stiffness. However, at the same average structural stiff-
ness, cells on lower-diameter fibers had the longest FACs
and the lowest migration speed. These observations indicate
that cells are actively probing the suspended fiber environ-
ment and perhaps may be conserving their areal FAC distri-
bution through active sensing and dynamic spatiotemporal
wrapping around the fiber curvature (Movies S1 and S2).
Cells attached to suspended fibers form focal adhesion
sites at the poles, which act as sites that engender contrac-
tile force (20,66). For example, cells undergoing mitosis on
single fibers are found to be attached to the fibers through
filamentous tethers originating from the FAC sites, and
during division, the main cell body is observed to spin
around the fiber axis connecting tethers (Fig. 8 and MovieS2). In addition, we have observed single cells attached to
suspended fibers (with and without tension) deforming the
fibers (locally and globally) through forces originating
from the adhesion sites (Fig. 9 and Movies S3 and S4).
Although it is difficult to capture the spatiotemporal dy-
namics of cell wrap-around fibers, our data suggest that
FAC areal conservation may be responsible for making
cells temporally unstable (dynamically active) on small-
diameter fibers, thus perhaps leading to lower adhesion
strengths causing higher migration speeds. In a similar
fashion, a recent study showed cells applying out-of-plane
rotational moments about the focal adhesion sites for cells
plated on flat substrates (67). These findings on aligned
networks could be instrumental in physiological processes
such as wound healing and metastasis.CONCLUSIONS
The findings from our studies presented here indicate that
cells respond not only to the inherent substrate stiffnessFIGURE 9 (A) Optical images showing how
cells attached to suspended fibers can deform the
fibers locally, at multiple points for a fiber under
tension. Minutes represent the time taken to
deform the fiber from the onset of deformation
(ii). (B) A fiber can be globally deformed in the
absence of tension, and the time represents the
time taken to deform the fiber from its original con-
dition. Scale bar, 50 mm (see Movies S3 and S4).
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2610 Meehan and Naindue to material properties, as is currently accepted, but also
to structural stiffness on fibers of a single, nonchanging
Young’s modulus. The results pose a new set of questions
on cell-curvature interactions, as our simple reductionist
model of single-fiber-cell interactions is able to capture
the complexity of a cell’s ability to grasp a single ECM
fibril, or perhaps a bundle of fibers simultaneously, and in
doing so to cause changes in local force modulation at the
poles of the cell. The role of curvature influence on cell
behavior is now widely accepted, and the methodology pro-
posed here, of controlling both the diameter and structural
stiffness through aligned deposition of suspended single fi-
bers, provides the technology platform to study these funda-
mental mechanisms. In future, we anticipate that these
findings will provide us with the tools and technical
know-how to examine cell-suspended-fiber interactions of
increasingly complex architecture (dual and multiple fibers
of varying diameters, spacing, and orientations) represent-
ing a subunit of native ECM (1D, 2D, and 3D). Through en-
gineering and study of these simple yet complex
interactions, we hope to contribute to the development of
mechanistic in vitro assays combined with relevant
biochemical growth factors, thus moving toward in vivo
physiological relevance to the study of developmental and
disease biology.SUPPORTING MATERIAL
Four movies are available at http://www.biophysj.org/biophysj/supplemental/
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